INTRODUCTION
The relationships between vector competence and extrinsic incubation temperature (EIT), virus dose, and mosquito age have been observed in several arbovirus-vector systems. [1] [2] [3] [4] [5] [6] Although it is well-established that different environmental or biological factors influence mosquito vector competence for arboviruses, there has been little work to determine how various biological and environmental factors interact with one another to influence vector competence. Culex pipiens quinquefasciatus Say vector competence for St. Louis encephalitis virus (SLEV) is dependent on complex interactions between the biological factors of age and mosquito population and the environmental factors of EIT and virus dose. 6 West Nile virus (WNV; family Flaviviridae : genus Flavivirus ) is maintained in an enzootic cycle involving ornithophilic mosquitoes and avian populations, and it threatens humans whenever large numbers of infectious mosquitoes exhibiting opportunistic feeding coincide with amplification hosts and human populations. 7 Culex p. quinquefasciatus feeds on both avian and mammalian hosts, [8] [9] [10] has been shown to be a competent vector of WNV in the laboratory, 3, 11, 12 has been found in nature to be infected with WNV, 13, 14 and is considered a prominent WNV vector in the United States.
Here, we characterize the effects of environmental and biological factors on Cx. p. quinquefasciatus vector competence for WNV using four phenotypes: susceptibility to infection, disseminated infection, body virus titer, and leg virus titer. These factors were shown to influence Cx. p. quinquefasciatus vector competence for SLEV. 6 Female mosquitoes with no infection of the body show a midgut infection barrier (MIB), whereas females with an infected body and no dissemination to the legs show a midgut escape barrier (MEB). 15 We characterized virus titers in the body and legs as a quantitative measure of the ability of the virus to replicate in mosquito tissues. It is likely that mosquitoes with high virus titers are more efficient vectors, because the salivary gland barrier for WNV infection is dose-dependent in Cx. p. pipiens L., 16 Cx. tarsalis Coquillet, 17 and Cx. p. quinquefasciatus . 18 The degree of intra-and interpopulation variability in interactions between environmental and biological factors has not been explored. However, this variability must be characterized to understand vector competence in nature and the impact of vector competence on the epidemiology of arbovirus cycles. Previous studies with SLEV and Cx. p. quinquefasciatus showed variations in the relationship between susceptibility to infection and disseminated infection caused by environmental and biological interactions that lead to caution concerning interpretations of single-factor experiments. 6 Here, we characterize if there are differences in environmental and biological responses in Cx. p. quinquefasciatus with a related virus, WNV.
Large sample sizes are essential for statistical precision to distinguish differences between treatment groups when testing vector competence. 19 We use a priori power analyses to determine the sample sizes needed to detect significant differences in vector competence between treatments (GPower; http://www.psycho.uni-duesseldorf.de/aap/projects/gpower/ ).
MATERIALS AND METHODS

Mosquitoes and virus.
The two Cx. p. quinquefasciatus colonies, originating from two regions of Florida, used in this study and their rearing are described in detail elsewhere. 6 The respective colonies originated in 1995 and 2007, and they will be referred to as the 1995 colony and 2007 colony.
The WN-FL03p2-3 strain of WNV (passaged four times in Vero cells and one time in baby hamster kidney cells) that we used was isolated from a pool of Cx. nigripalpus Theobald mosquitoes from Indian River County, Florida in 2003 (Doumbouya A, unpublished data).
Mosquito infection. The methods used are described elsewhere. 6 Briefly, over 200 mosquitoes were fed on each meal for each colony, age, dose, and EIT to achieve a minimum of 50 mosquitoes per treatment for analysis. Five whole mosquitoes were frozen immediately after feeding from each treatment to assess the amount of WNV in the mosquito homogenate. As reported previously, 6 the 2007 colony had a lower rate of blood feeding compared with the 1995 colony, and therefore, the 2007 colony was fed using cotton pledgets to increase the sample size. Vector competence experiments for each colony were not conducted simultaneously. The 1995 colony was fed using membrane feeders in a separate experiment. Abstract. Interactions between environmental and biological factors affect the vector competence of Culex pipiens quinquefasciatus for West Nile virus. Three age cohorts from two Cx. p. quinquefasciatus colonies were fed blood containing a low-or high-virus dose, and each group was held at two different extrinsic incubation temperatures (EIT) for 13 days. The colonies differed in the way that they responded to the effects of the environment on vector competence. The effects of mosquito age on aspects of vector competence were dependent on the EIT and dose, and they changed depending on the colony. Complex interactions must be considered in laboratory studies of vector competence, because the extent of the genetic and environmental variation controlling vector competence in nature is largely unknown. Differences in the environmental (EIT and dose) and biological (mosquito age and colony) effects from previous studies of Cx. p. quinquefasciatus vector competence for St. Louis encephalitis virus are discussed.
in feeding preferences may reflect other differences in the colonies, and forcing both colonies to feed using the same method would have introduced other biases of which females did or did not feed. We chose to use the methods that gave us the best feeding rates for each colony. Mosquitoes aged 3-4 days posteclosion (dpe), 7-8 dpe, and 11-12 dpe were respectively classified as young, middle-aged, and old mosquitoes.
Blood meal preparation. To provide two consistent different blood meal doses for each age group, a previously frozen WNV stock was diluted for each experiment by mixing with citrated bovine blood before mosquito blood feeding to create blood meals containing approximately 6 logs plaque-forming units (pfu)/mL WNV titer, called the low dose, compared with approximately 6.7 logs pfu/mL, called the high dose. Then, two aliquots of 0.1 mL of infected blood were each added to 0.9 mL BA-1 diluent 20 and held at −80°C until processing to determine blood meal titer.
Blood meal and mosquito processing. We used a 13-day incubation period at 25°C or 28°C 6 as the time interval required for Cx. p. quinquefasciatus to become infected after a blood meal, and we processed the mosquitoes as previously described. 6 Mosquitoes that survived the incubation period were killed by freezing. Aseptic techniques were used to separate bodies and legs, and samples were placed separately into 0.9 mL BA-1 diluent containing two beads and stored at −80°C until processing. Samples were thawed, homogenized, and centrifuged before further processing.
6
Virus assays. Viral RNA was extracted as previously described 6 and evaluated using quantitative real-time TaqMan reverse transcription-polymerase chain reaction (qRT-PCR) with methods described elsewhere. 21 Virus found in the body but not the legs represented a non-disseminated infection limited to the midgut. Virus in both the body and legs was considered a disseminated infection. The infection rate was the percentage of all mosquitoes tested having infected bodies. The dissemination rate was the percentage of mosquitoes with infected bodies that also had infected legs.
A priori power analyses 22, 23 (GPower; http://www.psycho .uniduesseldorf.de/aap/ projects/gpower/) using Cohen's small ( w = 0.1), medium ( w = 0.3), and large ( w = 0.5) effect size estimates are described elsewhere. 6 These analyses were based on χ 2 analyses that examined differences in infection and dissemination rates between treatments. Sample sizes to detect differences with 99% power were ≥ 589 mosquitoes to detect a small to medium ( w = 0.2) effect of age, EIT, dose, and colony ( P = 0.05; degrees of freedom (df) = 3) on infection rate, and ≥ 262 mosquitoes would be required if only a medium ( w = 0.3) effect size was expected. 6 The sample sizes that we used allowed us to detect small to medium effect sizes in infection rates. Sample sizes (and therefore, power to detect small differences) for dissemination rates were expected to be lower, because we did not expect 100% infection rates.
Statistical analysis. The statistical analyses used here are described elsewhere. 6 A χ 2 test ( P < 0.05) was used to analyze infection and dissemination rates with respect to mosquito age in different treatments. Separate analyses of variance (ANOVA) examined virus titers from whole bodies of freshly fed mosquitoes as well as body and leg titers of virus-positive mosquitoes at the end of the incubation period. If significance ( P < 0.05) was observed in an analysis, then a Duncan multiplecomparison test 24 was used to determine the means that were significantly different. To assess the difference between infection and dissemination, we used a generalized linear mixed model (GLMM) to determine significant differences ( P < 0.05) in the likelihood of virus occurrence (1 = infection, 0 = no infection) in mosquito bodies (infection) or legs (dissemination) between treatments that included fixed (colony, age, EIT, and dose) and random (individual mosquito) effects. Mixed model population estimates of the logit [log of the odds ratio (i.e., probability of infection/probability of no infection)] were calculated, and estimates for some treatment effects on colonies and types of body part infection were graphed. Treatment factors, including infection of different body parts, were combined for these graphs to illustrate particular interactions (body part was a factor in our analyses). Details of the GLMM procedure used to analyze the probability of virus in bodies or legs are described elsewhere. 6 
RESULTS
Virus titer of blood meals and homogenate of freshly fed mosquitoes. Mosquitoes were fed blood containing a high dose (mean ± standard error: 6.7 ± 0.04 logs pfu WNV/mL) or low dose (6.0 ± 0.02 logs pfu WNV/mL). The titers of WNV were determined in the homogenate of five freshly fed fully engorged mosquitoes ( Table 1 ) . Age, dose, and colony significantly affected viral titers in the homogenates of freshly fed mosquitoes ( Tables 1 and 2 ). Significant two-and three-way interactions indicate a complex relationship between colony, age, and dose in the amount of virus. Virus imbibed by females in each colony responded differently to changes in age and dose fed. Blood fed females from both colonies contained less viruses when fed the low dose at all ages compared with the high dose. At the low dose, middle-aged mosquitoes in the 2007 colony had significantly lower virus titers compared with all other ages at both doses. At the high dose, young 1995 colony mosquitoes contained significantly less WNV than middle-aged and old mosquitoes of the 2007 colony. These differences between ages that changed depending on the dose and colony are shown by the significant three-way interaction ( Table 2 ) . χ 2 test of effects of mosquito age on infection and dissemination rates. The age of the 1995 colony mosquitoes did not affect WNV infection rates at the low dose at either 25°C ( Table 3 ) or 28°C ( Table 4 ) (25°C: χ 2 = 3.23, df = 2, P = 0.199; 28°C: χ 2 = 2.97, df = 2, P = 0.226). Dissemination rates also did not differ between ages at the low dose at either EIT Table 1 The mean titers (logs plaque-forming units WNV/mL) ± standard errors of five whole bodies of freshly fed Cx. p. quinquefasciatus fed blood meals containing a low or high dose of WNV at different ages Tables 3 and 4 ) . However, infection rates did not differ between ages in 1995 colony mosquitoes exposed to the high dose of WNV at 28°C, whereas middle-aged mosquitoes had the lowest rate of infection at 25°C (25°C: χ 2 = 14.74, df = 2, P = 0.001; 28°C: χ 2 = 4.96, df = 2, P = 0.084). Dissemination rates in middle-aged 1995 colony mosquitoes were significantly higher than the young and old mosquitoes at the high dose and at 25°C ( χ 2 = 19.24, df = 2, P < 0.0001) but not at 28°C ( χ 2 = 3.49, df = 2, P = 0.175) ( Tables 3 and 4 ) .
The 2007 colony mosquitoes exposed to the low WNV dose showed significant differences in infection rates between ages at either EIT (25°C: χ 2 = 6.77, df = 2, P = 0.034; 28°C: χ 2 = 106.33, df = 2, P < 0.0001) with old mosquitoes showing higher infection rates than young and middle-aged mosquitoes at both EITs ( Tables 3 and 4 ) . Infection rates in mosquitoes receiving the low dose increased with age at the low EIT; however, a non-linear relationship was observed at the high EIT, because middle-aged mosquitoes had significantly fewer infections compared with the two other age groups. Dissemination rates at low dose were also significantly different between ages for 2007 colony mosquitoes at 25°C ( χ 2 = 13.05, df = 2, P = 0.002) with middle-aged mosquitoes having the highest dissemination rate, but there were no significant differences between ages for mosquitoes held at 28°C ( χ 2 = 4.17, df = 2, P = 0.124) ( Tables 3 and 4 ) . Mosquitoes from the 2007 colony fed the high virus dose showed significant differences in rates of infection between ages when held at either EIT (25°C: χ 2 = 7.67, df = 2, P = 0.022; 28°C: χ 2 = 25.47, df = 2, P < 0.0001);
young and middle-aged mosquitoes had higher rates than old mosquitoes at both EITs ( Tables 3 and 4 ) . At the high dose, dissemination rates in the 2007 colony did not differ between the ages at either EIT (25°C: χ 2 = 1.64, df = 2, P = 0.442; 28°C: χ 2 = 0.168, df = 2, P = 0.919) ( Tables 3 and 4 ) . Effects of environmental and biological factors on body and leg titers. Body titer at the end of the incubation period was significantly affected by age and EIT but not by dose or colony ( Table 5 ). Significant two-way interactions were observed for age × dose, colony × dose, dose × EIT, and EIT × colony but not colony × age or age × EIT ( Table 5 ). The effects of these interactions can be seen in the differences between means of body titers across treatment groups. For example, body titer differs between ages at the high dose (for both colonies and EITs) but does not differ between ages at the low dose ( Tables 3  and 4 ) .
Leg titers were less variable than body titers and not as influenced as body titer by these conditions ( Table 5 ). Only the dose × colony interaction was significant, indicating that the differences between the colonies in leg titer were dependent on the virus dose. Leg titers in the 1995 colony increased with dose, whereas the leg titers in the 2007 colony decreased ( Tables 3 and 4 ) . Leg titers were similar between the other treatment groups ( Tables 3 and 4 ) .
GLMM for effects of environmental and biological factors on probability of infection and dissemination. Table 6 shows the GLMM results testing significant effects on the probability of infection and dissemination. The main effects of age, dose, EIT, and body part significantly affected the probability of body infection (infection) or leg infection (dissemination). Body and leg infection also responded differently to two-way interactions of age × body part, dose × body part, and EIT × body part, showing that the differences between body and leg infections were not the same between ages, doses, and EITs. Significant two-way interactions of age × dose and dose × colony show that the probability of body infection and leg infection between ages was not the same between the doses and that these differences were dependent on the colony. Figure 1 shows the increased probability of infection in bodies and the age × body part interaction. The probability of infection differs with age more in leg infection than in body infection, and the shapes of the curves differ. The colony and colony × Tables 3 and 4 . body part, age × EIT, age × colony, dose × EIT, and colony × EIT interactions were not significant. This shows that the differences in body part probability of infection (infection and dissemination) were the same in both colonies. Differences in body and leg probability of infection between EITs were the same at both doses and the same between colonies ( Table 6 ). The three-way interactions of age × dose × colony, age × dose × EIT, and age × EIT × colony were significant, illustrating the complexity of the effects (i.e., two-way interactions of dose × colony, dose × EIT, and EIT × colony were not the same for different ages) ( Table 6 ). Figure 2 illustrates some of these interactions, and it shows that colony differences in the probability of infection were not the same and were dependent on age and dose. Here, treatment groups and infection in different body parts are combined to show particular effects and interactions. The age groups in the 2007 colony differed in their response to different doses, whereas the differences between ages in the 1995 colony were not significant ( Figure 2 ). Old mosquitoes in the 2007 colony showed a decline in the probability of infection with increasing dose, unlike the other age classes and the 1995 colony. This trend is evident in the infection rate (body infection) for all ages of 2007 colony mosquitoes at 25°C, but it is more pronounced in old mosquitoes at 25°C and was observed only in the old mosquitoes at 28°C. Some four-way interactions were also significant, showing further complexity (i.e., the three-way interaction of age × dose × EIT was different between body infection and leg infection) ( Table 6 ). Sample sizes for experiments using mosquitoes of different ages, different EITs, and different doses of WNV ( N = 693 for the 1995 colony; N = 570 for the 2007 colony) were within the sample-size estimations using a priori power analyses for infection rates; therefore, we were able to detect small to medium effect sizes with 100% power. Because of the low rates of dissemination, our sample sizes for the experiments ( N = 253 for the 1995 colony; N = 215 for the 2007 colony) could detect medium to large effect sizes ( w = 0.4) in dissemination rates with 100% power. It is possible that larger sample sizes in the 1995 colony compared with the 2007 colony and in infections versus disseminated infections could have affected the outcome of some statistical comparisons; however, as indicated earlier, power analyses show that analyses were appropriate for detection of small to large effect sizes. 
DISCUSSION
The interactions between the environmental (EIT and dose) and biological (age and colony) factors observed in our studies have important implications for interpreting all vector competence studies. Although laboratory vector competence studies can provide comparative information between populations, such comparisons are useful only for the tested biological material and only under the environmental conditions of the test. The information may be of little use to make comparisons with or between field populations under the influence of different environmental and biological factors.
The major contribution to our observed differences in titers for freshly fed mosquito samples was viral dose. At the low dose, freshly fed middle-aged 2007 colony mosquitoes contained a significantly lower virus titer in their bodies, whereas at the high dose, young 1995 colony mosquitoes showed the lowest titers. We did not observe any effects of these initial differences in freshly fed mosquitoes on our observations. Middleaged 2007 colony mosquitoes given a low dose and young 1995 colony mosquitoes given a high dose did not show consistently lower infection, dissemination, or titer effects. In addition to initial viral dose, another potential source of variation in the study was the use of membrane feeders to infect 1995 colony mosquitoes and pledgets to infect 2007 colony mosquitoes, and thus, caution is warranted when interpreting colony comparisons. Although the different feeding methods did not result in consistent differences between the two colonies in the amount of virus contained in freshly fed mosquitoes, the different feeding methods may influence some of the observed colony differences in vector competence. The colonies also differ in many other ways that could influence these observations. The colonies differed in their geographic origins and likely differed in genetic variation and time maintained as colonies, and additionally, they differed in their blood-feeding behavior observed in one preferring membrane feeders, the other pledgets. The cause of the differences observed in their vector competence could be because of these and many other unknown differences between them. Like the great majority of populations and colonies used in these types of experiments, there are a host of unknown and undefined differences in the mosquitoes. Whatever the cause(s) of the differences in the colonies, these differences caused complex interactions in the effects of biological and environmental factors on vector competence.
Although there were treatment differences and interactions between biological and environmental factors, we also observed cases where factors did not have significant effects on some vector competence phenotypes in one or both colonies. The lack of any effects of some biological and environmental factors on dissemination and/or the absence of significant interactions between the factors provides the possibility to apply observations about vector competence across these factors. For example, in this study, leg titers could be assessed in each colony using mosquitoes of any age group tested and at either EIT tested here. However, care would have to be taken in the dose used and the origin of the mosquitoes, because of the dose and colony effects on leg titer. Caution must be exercised in generalization of any such observations, because interactions may vary due to environmental or biological factors under other laboratory or field conditions. The vector competence of the two colonies was affected differently by the biological and environmental factors, consistent with the well known observation of between population variations in vector competence. However, here it is important to note that the vector competence of the colonies in different treatments was dependent on other treatments and that this dependence was not the same for the two colonies.
Ideally, studies should be designed to have more than two levels in a particular treatment to evaluate the shape of the curves. However, there is a tradeoff in the number of factors and sample size needed to increase the power of statistical analyses. Hence, our experimental design only allowed for 2-3 levels in each treatment because of our large sample sizes and investigation of several factors. This allowed us to focus on interpreting interactions between factors, rather than within factors.
The 2007 colony was the more competent WNV vector at the low WNV dose at either EIT, having both higher infection and dissemination rates compared with the 1995 colony. This trend was most evident at 25°C, because these vector competence relationships at 28°C were sometimes different between ages. The MIB (affects infection rate) of the 2007 colony was less efficient, resulting in higher infection rates, at low-virus dose than the MIB of the 1995 colony, but this reversed when the colony was provided the high dose; this was consistent for both EITs. The MEB (affects dissemination rate) of the 2007 colony was also less efficient than the MEB of the 1995 colony at the low dose. These observations illustrate that comparing vector competence phenotypes between mosquito populations is dependent on biological and environmental conditions, and relative efficiencies may change because of these conditions. This may also reflect differences in the immune response to viral infection 25, 26 that were affected by the viral dose. The effect of age on the MIB was dependent on the colony, dose, and EIT in complex ways. The age of the 1995 colony mosquitoes did not influence infection rates at low doses and both EITs, but at high doses, middle-aged females were more susceptible at 28°C and least susceptible at 25°C. The 2007 colony showed differences in the effect of age and its relationship to other environmental factors compared with the 1995 colony. The 2007 colony showed age effects at the low virus dose where old females had higher infection rates than young females at both EITs and also, at the high dose at 25°C. However, young and middle-aged females in the 2007 colony were the most susceptible at high dose and 28°C.
Colony variation and likely variation between natural populations in vector competence can change significantly depending on the environment. Therefore, laboratory comparisons with natural conditions in characterizing vector competence are very difficult to do with assurance. For example, although mosquito age was not important in determining infection in the 1995 colony at low dose and was unaffected by the EIT used here, age was a significant factor in the 2007 colony vector competence where evaluations using young mosquitoes at low dose and 25°C would result in lower infection rates than using older mosquitoes. A vector competence experiment using a range of mosquito ages would likely show different results than another experiment using a specific age and would also be expected to vary between colonies.
The MEB reflected by dissemination rates also showed complex interactions between the effects of biological and environmental factors that differed depending on the colony. The MEB in the 2007 colony was influenced differently by virus dose, EIT, and age compared with the MEB of the 1995 colony. The 1995 colony dissemination rates were not significantly different because of age at the low dose, and only the middle-aged mosquitoes showed significantly higher dissemination rates compared with the other age groups but only at 25°C. However, the 2007 colony showed higher dissemination rates of middle-aged mosquitoes at the low dose, but no age differences at 28°C; this colony had no differences in dissemination rate between ages at the high dose at both EITs. This highlights that there are biological and environmental conditions where the MEB can differ in permissiveness compared with the MIB, and the two phenotypes can respond to the same environments differently. This illustrates the importance of characterizing dissemination rates independently from infection rates, in this case, at 25°C. Studies that report dissemination rate as the number of disseminated mosquitoes relative to the total number of females tested may be of epidemiologic value for testing population dissemination, but it confounds the biological interpretation regarding escape barriers. Indeed, dissemination rates calculated in such a manner would miss populations where the dissemination rate is greater than the infection rate as observed in several age groups in our studies.
Body and leg titers also showed differences in their relationships with the different treatment factors. Females in the 2007 colony tended to have higher body titers than 1995 females for most treatments. Notably, the difference between the colonies was also dependent on EIT and dose, because 1995 colony females had higher body titers compared with 2007 at the high doses at 25°C, again illustrating that the two colonies responded differently depending on environmental factors. Age did not influence leg titer in either colony. Leg titers also showed colony differences in the amount of WNV replication during disseminated infection that was dependent on virus dose. This was evident, because the 1995 colony mosquitoes showed increasing leg titer at the high dose, whereas the 2007 colony had lower leg titers at the high dose compared with low dose, resulting in the significant dose × colony interaction. Our observations are consistent with the hypothesis that virus replication in our colonies was less influenced by the environmental treatments than the MIB and MEB.
The GLMM supported the above analyses, showing that mosquito age, dose, and EIT influenced the probability of a body or leg infection. However, the GLMM was used to assess if body part, body infection (MIB), and disseminated leg infection (MEB) were influenced by the treatment factors in the same manner. The lack of a significant colony × body part interaction showed that the differences between the occurrence of body infection and disseminated leg infection were the same in both colonies. If this relationship is similar between other colonies or populations, it is possible that infection rate (MIB) could predict dissemination rate (MEB) across different colonies or populations. However, the age × body part, dose × body part, and EIT × body part were all significant, illustrating that predicting MEB based on the MIB would depend on the age of the tested population and also, the dose and EIT.
The influence of mosquito age on Cx. p. quinquefasciatus vector competence was dependent on many factors and inconsistent, showing that the vector competence effects of this biological factor are unpredictable under the conditions of our test. Depending on conditions, young, middle-aged, and old mosquitoes could show significantly higher or lower infection rates. Under some conditions (i.e., 1995 colony at low dose) at both EITs, there were no effects because of mosquito age on either infection or dissemination rates. Under other conditions (i.e., 2007 colony at both doses and EITs), there were significant effects because of age. In the 2007 colony, infection rates were sometimes higher in mosquitoes fed the low dose than those fed the high dose. This was unexpected, because it is commonly observed in many vector-pathogen systems that higher doses result in higher infection rates. Cx. tarsalis modulates infection from Western equine encephalitis virus (WEEV) at 32°C, 27 and Cx. univittatus shows slower WNV growth at 30°C. 28 It may be that some age groups in our 2007 colony are capable of modulating WNV infection at 25°C and 28°C. This primarily occurred under the least permissive conditions of 25°C in all age groups and could be caused by a mosquito immune response occurring under these conditions that interfered with infection rates. Another explanation is that the high dose in 2007 colony mosquitoes resulted in more defective interfering particles (DIPs) that inhibited WNV replication in mosquito tissues so that the low dose mosquitoes showed comparatively higher infection rates. Defective interfering particles are virus particles that are missing part of their genome and therefore, cannot cause infection in host tissues. 29, 30 The DIPs can prevent normal virus particles from replicating because of competition for cell resources and receptors, and this phenomenon occurs most prevalently in infection studies using high multiplicity of infection (i.e., high dose). 29, 31 In mosquito cell culture, growth of Japanese encephalitis virus is inhibited by DIPs, 30 and this was also a hypothesized reason for decreased dengue virus infection in Aedes aegypti ; 32 however, this has not yet been explored for mosquitoes and WNV. The lower infection rates at the high dose versus low dose may also be caused by a stronger immune response occurring in 2007 colony mosquitoes that could have been triggered by increased viral replication because of the high dose, although this phenomenon has only been studied in mammalian cells and not mosquito cells infected with WNV. 25 This phenomenon also occurred in only old 2007 colony mosquitoes at 28°C, showing that this age of mosquito may have been more prone to DIPs or an immune response. Although there was also an age effect on dissemination rates for the 2007 colony mosquitoes fed a low dose of WNV (at either EIT), the same was not true for mosquitoes fed a high dose of WNV (at either EIT). This indicates that, at the high dose of WNV, age did not affect vector competence in this colony. It is possible that the high dose of WNV overcame dissemination barriers (MEB), regardless of EIT or age. In general, the probability of infection decreases as the dose decreases. The observations here illustrate how little we know about the mechanisms contributing to differences in vector competence and the need for further study on mechanisms and environmental effects on vector competence.
West Nile virus and SLEV are closely related viruses transmitted by the same mosquito species in the United States. A previous study 6 used the same colonies and treatments, although the SLEV doses were different from those used here for WNV. Despite this difference, the following are several conclusions comparing the observations for WNV and SLEV.
(1) Mosquito age can influence Cx. p. quinquefasciatus vector competence for both WNV and SLEV. (2) The effects of mosquito age change in dynamic ways depending on the type of virus (WNV or SLEV), mosquito colony, virus dose, and EIT. (3) In some mosquito colonies, MIB is related to MEB; however, particularly for WNV, this relationship changes depending on virus dose. (4) An EIT difference of only 3°C had a substantial effect on both SLEV and WNV vector competence.
Age influenced infection rates for both WNV and SLEV in the 1995 colony fed the high dose, and young and middle-aged mosquitoes generally showed higher infection rates than old mosquitoes. At the low dose, age only had a significant effect on infection rate for SLEV and not WNV in the 1995 colony. In the 2007 colony, however, there was an effect of age for WNV but not for SLEV, showing that age influences vector competence in this colony differently for these two viruses. Differences in dissemination rates between ages showed several distinctions between WNV and SLEV, depending on the colony and conditions. There were more significant environmental and biological effects and interactions for SLEV body titers compared with WNV. Variation in SLEV replication in Cx. p. quinquefasciatus was more influenced by dose, age, and EIT than was WNV replication. EIT and age had an influence on replication for both viruses. Leg titer for WNV was not significantly affected by any treatment effects, whereas SLEV leg titer showed significant dose and colony effects. This indicates that virus replication and dissemination out of the midgut is caused by different controlling mechanisms for each virus or that similar mechanisms for each virus respond differently under the tested conditions. In general, the treatment factors showed less influence on body and leg titers for WNV-infected versus SLEV-infected mosquitoes. For example, body infection and disseminated leg infection with both SLEV and WNV differed depending on the EIT, age, and virus dose. However, although the differences between infection and dissemination were the same between the two colonies for WNV, there was a significant colony × body part interaction with SLEV. 6 Although the WNV observations support the possibility of using MIB to predict MEB in different colonies, the observations with SLEV are not consistent. Without further information on the specific controlling mechanisms for the MIB and the MEB and how these mechanisms are affected by environmental changes, the ability to apply this information to other populations is problematic.
Neither colony had consistently higher infection or dissemination rates for either WNV or SLEV. It is interesting that the observed vector competence differences between the colonies were not as pronounced at the high dose, high EIT for both viruses, suggesting that virus barriers are less pronounced under highly permissive conditions for both viruses.
Natural mosquito populations likely show temporal variation in vector competence because of dynamic environmental and population variation, and this has important epidemiologic implications for arboviral transmission cycles. Our study shows that age, EIT, and dose are all important factors influencing both infection and dissemination rates of Cx. p. quinquefasciatus and that the effects of each factor are influenced by the other factors in complex ways. We have also shown that, although there are similarities between mosquito populations, there are important differences in how specific populations respond to the influence of biological and environmental factors for two different viruses. Therefore, conflicting reports of the effects of an environmental factor when tested one at a time in different species and with different viruses are not surprising. These factors must be considered when evaluating vector competence in laboratory studies to assess the epidemiological importance of the vector in nature. Studies on interactions between various factors in nature may produce very different phenotypes from those observed in the laboratory. The vector competence effects of interactions between several biological and environmental variables for other Cx. p. quinquefasciatus populations, other mosquito species, and other pathogens have hardly been explored. The underlying mechanisms controlling vector competence variation in colonies or natural populations remain largely unknown. However, the complex interactions observed here caused by biological and environmental factors highlight the importance of studies that address both intrinsic and extrinsic factors influencing differential intra-and interspecies vector competence. We are only beginning to address these very complex, important issues.
Biological and environmental effects on the vector competence of Cx. p. quinquefasciatus for WNV were complex, and hence, analyses of the power of experimental designs would be helpful in all vector competence studies to assist in interpreting results.
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